
REPOT DOUI' Afl...A~hA g ~Form Approvtod (REPORT DOW - o__i21 -990 0MB No. 07040188orth cllcto o ,aton~IlnIII 111111111111111!li11111 li 11w11l111!oi~adin xitn dt owie
" g tt ng r d en t t thi d ota , ne ef n dO m etln ti- i 14i l lg t I ns b u d on g e o an he da t

collection of inforntJon. inlud suggesto fo rducr 1nfomatn Operatons A Peports. 12 Is JeffensoDavi Highwa. Suit. 1 204. A flqngton. vA 222024302. and - -t(0?04-0188).WashlngtOn. DC 2050].

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3.- REPORT TYPE AND DATES COVERED
1991 -Final

4. TITLE AND SUBTITLE S. FUNDING-NUMBERS
Preliminary Study of the Admittance diagram as a useful
tool in the design of spripline components at microwave
frequencies

6. AUTHOR(S)
Charmaine C.-Franck,-oro~o onkDTIC
Jerome B. Franck

ELECTF JAN&.
7. PERFORMING ORGANIZATION NAME(S) AND ADORE OCT 2 5 1991 E' RFORMING ORGANIZATION

Western Space and Missile Center EO
Engineering Directorate S -'
Vandenberg AFB, CA 93437 WSMC-TR-91-02

9. SPONSORING/ MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY -REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/ AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for Public release; Distribution is unlimited Distribution Statement

A

13. ABSTRACT (Maximum 200 words)

It has been shown that the Admittance Diagram along with the Quarter-
wave- Rule can be used in the design and characterization of Optical
Thin Film coatings. However, this same tool may be utilized in the
design and characterization of some microwave components as well.
A simple design example of a Wilkinson Power Divider is presented
to illustrate the utility of this optical technique for microwave
circuit design and analysis.

91-14050
9 1 0 4 8 IIIi1ilI IIiII Iiii1111/!I1111111 111111191 0 '4 080

14. SUBJECT TERMS 15. NUMBER OF PAGES
Optical coatings, Thin films, Microwaves, Microwave optics, 15
Optical filters, Radar equipment, Microwave equipment, Stripline, 16. PRICECODE
Couplers, Microstrip, Power divider, Microwave filters
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT
Unlimited un I imi ted unlimited SAR

NSN 7540.01.280-5500 Standard Form 198 (Rev 2-89)



GENERAL INSTRUCTIONS FOR COMPLETING SF 298

The Report Documentation Page (RDP)-is used in announcing and cataloging reports. It is important
that this information- be consistent with the rest of the report, particularly the cover and title page.
Instructions for filling in each block of the form follow: -It is important to-stay within the lines to meet
optical scanning requirements.

Block-1. Agency Use Only (Leave blank). Block 12a. Distribution/Availability Statement.
Denotes public availability or limitations. Cite any

Block-2. Report Date. -Full publication date availability to the-public. Enter additional
including day, month, and year, if available (e.g. 1 limitations or special markings in all capitals (e.g.
Jan 88). Must cite at least the year. NOFORN, REL, ITAR).

Block'. Type of Report and Dates Covered.
State whether report is interim, final, etc. If DOD See DoDD 5230.24, Distribution
applicable, enter inclusive report dates (e.g. 10 Statements on Technical
Jun87- 30 Jun 88). Documents.'

DOE - See authorities.
Block 4. Title and Subtitle. A title is taken from NASA - See Handbook NHB 2200.2.
the part of the report that provides the most NTIS - Leave blank.
meaningful and complete information. When a
report is prepared in more than one volume, Block 12b. Distribution ( de.
repeat the primary title, add volume number, and
include subtitle for the specific volume. -On DOD Leave blank.
classified documents enter the title classification OE Ente D dant.iparentheses. DOE -Enter DOE distribution categories
in pfrom the Standard Distribution for

Block 5. Funding Numbers. To include contract Unclassified Scientific and Technical

and grant numbers; may incluae program Reports.

element number(s), project number(s), task NASA - Leave blank.

number(s), and work unit number(s) Use-the NTIS - Leave blank.

following labels:

C - Contract PR Project Block 13. Abstract. Include a brief (Maximum
G - Grant TA Task 200 words) -factual summary of the most
PE - Program WU Work Unit significant information contained in the report.

Element Accession No

Block 6. Author(s). Name(s) of person(s) Block 14. Subiect-Terms. Keywords or phrases
responsible for writing the report, performing identifying major subjects in the report.
the research, or credited with the content of the
report. -If editor or compiler, this should follow
the name(s). Bloc 15. Number of Pages. Enter the total

number of pages.
Block7. Performing -Oranization Name(s) and
Address(es). Sel f-explanatory

d SBlock 16. Price Code. Enter appropriate price
Block 8. Performing Organization Report code (NTIS only).
Number. Enter the unique alphanumeric report
number(s) assigned by the organization
performing the-report Blocks 7. - 19. Security Classifications. Self-

explanatory. Enter U.S. Security Classification in
Block 9. Sponsoring/Mon, torj_,nq! ! Lam e accordance with-US. Security Regulations (i.e,
and Address(es). Self-explanatory UNCLASSIFIED). If-form contains classified

information,-stamp classification on the top andBlock -10. Sponsorinq/Montorngqen.( bottom of the page.

Report -Number (If known)

Block 11. Supplementary Notes Enter Block 20. Limitation of Abstract. Thisblock must
information not included elsewhere sucl as be-completed to assign a limitation to the
Prepared incooperationwith , rrans of . Tobe abstract. Enter either UL(unlimited)-orSAR (same
published in.. When a report ,s revised, include as report). An entry in this block is necessary if
a statement whether the new report supersedes the abstract is to be limited. If blank, the abstract
or supplements the older "o. i,s assumed to be unlimited

S;1--card },orn 298 Back (Rev 2-89$



•Ace eisloa 7ar /
WSMC-TR-91-02 I NTIS RPAMI

\~I~T~LCEO DTC TAB
Uwj-.nowi d []
Jus tl fioat io

Preliminary study of the admittance diagram as a useful-tool in the
design of stripline components at microwave frequencies By

Di3tri tosa/
Charmaine C. Franck Availability Code
Jerome B. Franck " vail asd/.r

Western Space and Missile Center, Engineering Directorate tljii t  jp oial
Vandenberg Air-Force Base, Ca. 93437

ABSTRACT

It has been shown that the Admittance Diagram1 along with-the Quarter-wave Rule can be used in the design
and characterization of Optical Thin Film coatings. However, this same tool may be utilized in the design and
characterization of some microwave components as well. A simple design example of a Wilkinson Power Divider is pre-
sented to illustrate the utility of this optical technique for microwave circuit design and analysis.

1. BACKGROUND

Microstrip and stripline circuit design is- unlike that used by most electrical engineers. This is due to the'fact
that elements at higher frequencies are often-di.tributed rather than discreet. The operating parameters of a circuit or
circuit element are found by utilizing different modeling tools than those used for standard electronics. Prior to the use
of digital computers the Smith Chart was one of the main tools used for this purpose. The Smith Chart is useful in
determining circuit behavior, but it is cumbersome to use and does not reprcscnta very intuitive tool. The advent of the
digital computer and advanced software packages capable of performing analysis of microwave circuits has replaced the
Smith Chart as the main design tool. Computer algorithms may provide specific outputs concerning the circuit behavior,
but they may-not provide an intuitive understanding of the circuit behavior under excitation. This paper will introduce
the use of a graphical tool developed for optical thin film analysis. This method of analysis will aid in the design of
microwave circuits. It allows the designer to visualize the behavior-of critical elements as well as optimize the circuit
performance. Since one can easily construct a model based on impedance, the model presented here uses the
admittance of a circuit element to-determine certain parameters, which can be modeled just as easily. The admittance
was chosen to retain continuity with this work and the work done for optical thin films.

The first section of this paper will present a brief introduction to both optical thin film and microwave theory.
Next, there will be a discussion of the Smith Chart and the Admittance Diagram. The use of (ie Admittance Diagram
wili be shown by performing analysis on both the uncomperisated and the compensated Wilkinson power dividers.

2. INTRODUCTION TO TIlE TlHEORY

A brief discussion of basic concepts is necessary in order to gain an understanding of what is to be accomplished
in this study. An explanation of thin film filters (used at normal angle of incidence), the Smith Chart and the
Admittance Diagram will also be-addressed. The analysis assumes here that the-optical thin-films are used at a normal
angle of incidence only, to model the behavior of microwave elements. For brevity, this will be assumed for all-the
optical analysis that follows. While only a graphical form of the Admittance Diagram will be discussed in this paper,
exact values can be calculated utilizing the analysis discussed by Maclcod t in his text. The utility of the graphical
technique is the visualization it provides of circuit performance.

In general, when reflectance takes place in a medium of lower refractive index to a medium of higher refractive
index there is a 180 0 phase shift. A 0* phase shift takes place in the opposite case, from higher to lower refractive
indices. This is due to the fact that the reflectance at the top and bottom surfaces separate into two components of the
light. The components recombine destructively for 1800 phase shift and constructively for a 00 phase shift or multiples



-of 360 ° . Reflectance can be represented as

R =p 2  (1a)

1-Y

p = (ib)
I+Y

wherc,p- is the amplitude reflectance, Ris the intensity reflectance and for-a quarter -wavelength-thick thin film,

y2

YL
Y= -- (2)

YoY2

where Yo, yl, and Y2 are admittances of three different media in contact as shown in Fig. 4. Here, Y may be thought of

as-an equivalent admittance. We may interperate the action-of- the film as transforming the admittance Y, into an

admittance y3
2/yz and-this expression is known as the Quarter Wave Rule. This than gives usthe refractive -index

relationship and should remain unchanged. The index of refraction n of a thin-film layer is-related to the-admittance y
of that layer by,

y = Yf n, (3)

where Yf-is the admi.:ance-'-free-space. This applies-strictly to -media where Ar = -1 and thus.-n, ," -1 region

where this is satisfied equation (2) from above can be re-written for the refractive index N and-takes ,io:i,

N =- , 0,)
non

Because of this simplification, optical admittances are usually quoted in units of the admittance of free space so
that thcyhave the same numerical value as the refractive index. Eq. (2) represents an example of a -single layer of
admittance y1 on a-substrate with admittance y2 with incident media yo. In Fig. 1 -the indices of refraction may be

replaced-'by their respective optical-admittances. Y represents the-equivalent admittance-of the overall assembly. A
singic- antireflecting-thin-film-coating-on a-lens made of glass-would have the-same form with yo, the admittance of air

being equal to one.

The Smith-Chart shown in Fig. 2-is used to calculate various properties of transmission lines. The impedance
relations that the Smith-Chart gives for a lossless line of different loads is important in this study and is-represented by



1-Z
X=- (5)

1+Z

where Z is the impedance and is plotted in polar coordinates. The corresponding real and imaginary parts of X are
read from the sets of orthogonal circles on -the Smith Chart and will be discussed- in more detail -later. Notice the
similarity between Eqs. (1b) and (5).

The Admittance-Diagram also uses -a-graphical approach-of-the Smith Chart-to relate the various properties of
optical-thin film layers. The Admittance Diagram is made up of-half the complex plane which can be-further divided
into four regions that correspond to the quadrants of phase shift onreflection. Fig. 3 shows the contours which separate
the quadrants. The arc or-circular locus represents a single thin film layer. Procedures for calculating the-equations for
these contours are-outlined in Macleod's text. The points connecting-the arcs-of-circles correspond to-the interface
between the layers. In the case of the Wilkinson power divider shown in Fig. 4a and 4b these points would-represent the
interface between segments of transmission lines. The Wilkinson power divider which is- a microwave stripihe 2

component will be discussed later.

3.TIIEORY

The Smith Chart can be used to determine impedance and admittance with any load, standing wave ratio
(SWR); and capacitive or inductive reactances of short circuited transmission lines or small sections- of transmission
lines called stubs3. -For ease of calculation these parameters are normally determined for lossless lines. A sim'laf
situation exists for-dielectric films-where one assumes no-absorption. However, it is also possible to calculate fer s

with loss and, thin films with absorption as- well. For this study the most important application of the Sm h Chart is the
utilization of quarter wave stubs to match a load to a line. The Admittance Diagram may be utilized in a similar
manner because it too uses a quarter-wave matching technique. Therefore, the Admittance Diagram may-be applied in
a way similar to the Smith Chart as shown in Fig. 5. The following sections will explain some of the- reasoning behind
this concept.

3.1 Thin Film Filters

Stripline elements may be developed from quarter wave sections. This is a feature also common to optical thin
films. -It is not surprising then, that certain performance characteristics are also common. A designer for both stripline
elements and- thin film elements may wish to- reduce or enhance reflected components; or phase match between
elements- or produce an element that has broadband characteristics; or- even sharpen the band charactetistics with a
spike filter. The use-of the Admittance Diagram and the Ouarter Wave-Rule can be seen as-an extension from quarter
wave elements at optical frequencies to quarter wave elements at microwave frequencies.

We-will begin by-looking at one of the simplest optical-thin film elements, a single layer used to match the
admittance of a substrate to the admittance of the incident media taken to be air, as shown in Fig. 1. This is analogous
to impedance matching. -Here light-is incident on an planar optic made of glas coated-with an-optical thin film. The
light reflected at-the top-and bottom layer(s) of an assembly must cancel to behave as an-antireflective coating. From
Eqs. (1a) and (ib) this means that L- Y = 0, or

Y" YO Y2 , (6)

where the value of-the admittances are, for example y0 = I for air and y2 = -1.52 for glass. Thcrcforc, the thin film



admittance should be between the-admittance of air and- the substrate- to accompfish complete cancellation, for this
example yi = 1.23. The optical thickness of the film should be one quarter wavelength to insure 180 0 phase shift. In

other words, the total difference in the phase-shift between the two beams should be equal to one half wavelength.

3.2 Multilayer Thin Film Stack

A multilayer, known as a-quarter wave stack, is another thin film filter. It consists of-quarter wave thin film
layers whose indices are-stacked alternately high and low in-the assembly. Upon reflection, the-high index layer will not

-experience a phase shift, while light in the lower index layers will have-a 1800 phase shift. For enhanced reflectors this
results in a constructive recombination at the front surface. The reflectance of the-multilayef depends on the-wavelength
and the number of high and low index layers. The quarter wave stack technique is-Commonly used in the design of thin
film filters. Similarly, a series or stack of quarter wave stripline segments may be utilized with this technique to develop
a model for-the design of a Wilkinson Power Divider or similar microwave components.

4. QUARTER WAVE AND HALF WAVE THIN FILM LAYER REPRESENTATION
ON THE ADMITTANCE DIAGRAM

A-brief discussion oa how both quarter wave elements-or the combination of quarter wave layers forming half
waves elements (sometimes- called abse:tce layers)- are- used to produce multilayer assemblies, will now be discussed-
Half-wave layers are called absentee layers because at the design wavelength, the light-reflected from the bottom surface
of the layer has undergone a 3600 phase shift with respect to the incident light reflected from the top surface, that is
apart from any phase shift from- the reflection- at the boundarys themselves. This results in-thc suppression of any
interference effects and the effective elimination of the halfwave layer. It is therefore correct and convenient to omit
half wave layers for case of computing the assembly properties.

The addition of an odd number of quarter wave layers with admittance y alters the equivalent admittance from
Y of the assembly to y'/y. By extension, a stack of five quarter -wave layers of different materials can easily I-

calculated as

y2- 31 ~2Y,- Y3- y5-
Y - , (7)

y,- y4 " Ys~

or y for the-optical admittance of each ih layer, where i represents layers I through 5. and ySb is the admittance of the

substrate.

Assemblies of quarter and half wave layers are oftcn-used in the design of optical thin films because of the
simplicity of the calculations involved. It is only necessary-to specify-the number of quarter or half waves and the
wavelength. Usually, -the materials for quarter -wave optical thicknesses are specified as H for a -High index of
refraction. M for an intermediate index and Lfor a Low index. Half waves arc represented by HH, MM, or LL. For
example, a multilayer-asscmbly of high and low indices consisting of quarter wave layers on-a glass substrate would be
represented by

Air I HLILH I Glass

and is .shown in-Fig. 6 . A multilayer containing some quarter-wave and half wave layers (absentee layers) might be
represented with the indicated layers effectively canceling at the design wavelength as follows



Air HLHHLLH[ Glass,

At the wavelength for-which all H,L are quarter waves this-reduces to just Air ILH Glass, since the absentee layers
can be neglected. Fig. 7-shows the equ.;valent Admittance Diagram -with the absentee layers removed.

The Admittance Diagram will be use-to design and aaaly7p-the quarter-wave sections of the Wilkinson Power
Divider stripline model in the following section.

5.THE WILKINSON POWER DIVDER

The Admittance Diagram, developed by Macleod uses a graphical approach not unlike the- Smith Chart to
relate the -various properties of optical thin film layers although the-emphasis is on admittance rathr-than amplitude
reflection coefficient. The quarter wave matching technique utilized by the Smith Chart todesign siripline circuits is
similar to that of the Admittance Diagram for the design of quarter-wave optical thin film coatings. This technique will
be illustrated by designing a Wilkinson power divider. A stripline model will be developed for the-power divider. "The
results will be analyzed-using the Admittance Diagram. The advantage here is that the Admittance Diagram allows a
more visual method-of analyzing the circuit performance prior to fabrication.

The Wilkinson power divider is used as a broadband stripline circuit for power division which provides equal
phase charactcristics-and isolation between the output-ports. This three port device prescnts-a matched-termination at
the input (sum) port i. when (he other ports arc match terminated. The power at the input port I of this binary power
divider splits equally among the two other ports 2 and 3 as shown in Fig. 8a and 8b.

Either of the output ports 2 or 3 may be isolated when power is delivered to one of them, while port I and the
other remaining port arc match terminated. The sum port will then receive power with some loss.4 The power divider
used in this example consists of quarter wave sections with characteristic impedances of 70.70" as shown in Fig. 8b. The
Quarter Wave Rule was applied to verify the impedance values of-the uncompensated and compensated dividers shown
in Fig. 4a-and 4b. The quarter wave rule comes from the reflectance Eqs. (1a), (1b) and (2). Letting R=0 for zero
reflectance gives

Yi = FJ Y F (8)

The Ouartcr Wave Rule can be represented in terms of transmission line impedances for the power divider as

z ._Z0 xZp2 (9)

where, Zpt is used to impedance match Z to Zp, and is the paralle combination of the two 70.7 (1 quarter wave

impedances at the junction; Zo is the characteristic impedance of the power divider transmission line of SOf and ZpI is

the parallel combination of the two output port impedances which results in an impedance of 25fl shown in Fig.9.

The compensated power divider improves the performance by the addition of a quarter wave transformer in
front of the power division junction5 as seen in Fig. 4b. The-result is :t shift in the impedance levels-and a broader
frequency band as shown in Fig. 10.

It can be seen that no power is dissipated in Rx, shown in Fig. 2. when Zo terminates ports 2 and 3. Alsothe

energy is at the same potential and Port I has an input impedance of Zo . If the source is then placed on port 2 for



example with matched loads (Zo) on ports 1 and j,-even and odd mode analysis is needed to give the characteristic

ABCD matrix involving the voltages and currents for each of the modified even and odd-mode circuit models tobe
analyzed.4,6 Using this analysis the value of the difference resistor Rx was found to be equal to 2Zo or 1000f.

5.1 Verification of Power Divider Impedance Values

The uncompensated power divider design was verified using the Quarter Wave Rule as follows

Zpt=,0l 5n x2511 = 35 35 . (10)

The objective is to match a 50f) line to a 25f" line. A quarter wavelength transmission line segment with an
impedance of 35.3501 placed between the 5001 and 2501 segments will correctly match the two lines together.

It is desirable to have a visual method of representation to analyze these results. The Admittance Diagram
accomplishes this. Using-Eq. (2) for-plotting thin filn layers on the Admittance Dia, ram and converting to terms of
impedance gives

7

Pt
p,= __.(11)

Zo

For this example

(35.351)2

Z p_ _ _ - (12)
5001

In order to represent these results in terms of-optical admittance it.is convenient to normalize yo to one by

dividing by 251. In other words, uscEq. (11) but let yo = Zp/Zp. Y = Zp,/Zp2 and Ysub Zo/Zp,. which gives

Yr'

YO =- = 1 (13)

Ysub

For zero reflcctance R = 0 and with yo = i, we have

Yi =" sub x Yo = "J 2 (14)

-where. as stated alvc. ysub = 50(1/25sn.

For a low index layer on a glass substrate this would be represented as.

airl L l-glass



Therefore,-on the Admittance Diagram, shown in Fig. 11, the-transition layer-is represented-beginning at the substrate

with admittance 2 (Ysub) and continuing clockwise through the quarter wave layer to 1 (yo) as shown in-Fig. 11. In terms

of impedance, the transformer matching transition begins at the 50 0 segment and- continues through the 35.35 0-
segment to the 250- segment of transmission line, shown normalized in Fig. 9.

For the compensated power divider shown-in-Fig. 4b, -a quarter wavelength segment with an-impedance of 420-
was added between the junction and-the input port. The addition of this segment =requires a-change in the impedance
values of the quarter wavelength branches from 70.7 0 to 59.4 f1. In order to verify these values, the parallel-
combination of the 59.40 and 500 branches were=considered. A quarter wave transformer -model was then- designed
and is shown in Fig. 12.

In the previous example it was shown that the center-of the 50'I Zpl I 250f line was 35.350-. For convenience,

an artificial-impedance point of 35.35fl was constructed for-the compensated power divider. Hence, for this-case, the
50fl segment is to be matched to the 35.35 0 segment and the -250 segment is to be matched to 35.35 0 segment -as
shown in Fig. 12. For this analysis, any rcasonable artificial impedance point can be chosen and -the 50 &l and 25 fl
impedance -values matched to it. The 29.7fl segment is just the parallel combination-of the two 59.4 flsegments shown
in Fig. 4b. The Ouarter Wive Rule can then be used to verify the-impedance values for the multi-scgmentcd power
divider as shown below

Zp -.J 500 x35.350 = 42.040l (1)

where 50fl is matched to the artifically constructed impedance point 35.35f0 and

Zp= 3535fl x25f1 = 29.7) , (16)

where the 25fl point is matched to the artifically constructed impedance point 35.35 l and y, =Zpz[Z,

yZP-- Zp . The normalized Admittance Diagram for the compensated power-divider is shown in Fie- 13.

5.2 Broad Frequency Band Verification

To verify that the addition of the quarter wave section in the front of the power division junction does indeed
broaden the frequency response, analysis of"- t compensated Wilkinson Power Divider using the normalized impedance.
will-now b pcrformed with the aid of the Admittance-Diagram. Shown in Fig. 13 was the AdmittanceDiagram for the

compensated power divider. For this analYsis, let us pick a design frequency wad of approximately 7.5 GHu. This

represents a wavclcng h.X of approximately40 cm. A quarter wave strip is 10cm long, ignoring wavelength shifts in the

stripline due to matcrial properties. For actual stripline circuits, the impedance is varied by strip thickness and width 2.
Normaliation was performed by dividing by 25l. Fig. 13 shows-that the high impedance of the base-segment starting
at the 2.000 (500 /2:1 n) point is matched to the low impedance segment ending at the 1.000 (25 fl/25fl) point by

two quarter wave segments. These segments match the center 1.414 (35.350/250) point to the outer points. Using
Eq. (11) the first segment was calculated to have a normalized value of 1.6S2 (4201/250 ) and performs the match from
the 2.000 point to the 1.414 point. Similarly, the second-segment was calculated to have a normalized value of 1.1S9
( 29. 7 0 /25fl) and performs the match from the 1.414 point to the 1.000 point.



Here, both of the clockwise circles are 10cm long because, as stated earlier, they are -quarter wavescgments at-
tMC design wavdength, "d- 40cm. What we want to-know is, "What happens when we are not-at the design wavelength

due to a shift in signal input frequency?" For this example, let us say that the excitation wavelength has shifted to A =

36cm. This represents a quarter wave of 9cm. Shown in Fig. 14 is the Admittance Diagram for the same stripline
circuit as before but with a shoda excitation wavelength. At first glance, one might expect the semicircles-to be shorter
for a shorter Wavelength. However, remember that the stripline circuit was designed for a quarter wave oF 10cm. The
Admittance Diagram shows-the circuit with the wavelength in use, -which is now 9cm. Hence, a 9cm segment would be
represented by one complete clockwise semicircle. Our segment-is 10cm long. This is represented by the-clockwise
extension of the semicircle beyond the horizontal axis due to the additional lcm section. It should be noted here that the
length of the-additional arc-of the circle-is not a linear-function of the segment length. The-eighth wavelength point is
shown in Fig. -14.

Since- the segment-of the first- semicircle is too long, due to- the additional- 1cm segment, we do not get a good
-match to the center point- at our shifted wavelength. We see that the next semicircle, a consequence of the second
segment. begins at the end-of the previous semicircle, and is also- too long for the same reason. The quarter wave is
9cm and our-segment is 10cm long. The end result-is that each additional segment cancel each other and compensation
is seen-to-take place. The second semicircle intersects the horizontal axis very-close to the desired va!ue of 1.000. The
shift in th,-end-point of the second semicircle is primarily along the horizontal. This indicates that only a-slight phase
shift Will be introduced. It may also be noted that at this new wavelength, the intersection -point- of the two semicircles is
above the horizontal axis and here, where it is not important, there is a phase shift.

Similar argument- could -be made if we were to now pick a onger exci:ation wavelength A = 44cm, with a

quarter wave of I 1cm. In that case the first semicircle would fall short of reaching the horizontal axis due to the 1cm
difference between the design quarter wave and the signal quarter w.ve shown in Fig. 15. The second semicircle would
also be short, but since it begins bclox the horizontal axis it also intersects the horizontal axis ,,cry close to the -dcsign
impedance point, again showing that the original design is compensated for longer wavclengths. The frequency band of

operation has indeed been broadened using this technique. While the exact values for center and finaf impedance points
have not been calculated. the,, can be calculated by the interested designer. The important point here is to recognize
how easy it is to perform simple analysis that provides a high degree of insight into the basic performance of a circuit.

The Wilkinson powcr divider discussed previously can also be improved by the addition of a half wave scegment.
or half wave flattening laver. A broader frequency band and zero reflectance may be accomplished by adding tvo
quarter wave segments of higher impedance (ZI! = 75. for example). However, this alternate design is beyond the

scope of this paper and will be addressed in subsequent publications.

6. CONCLUSION

A correlation between the optical thin film method of design and the microwave method of design has been
shown for the simple structures presented. The use of the Admittance Diagram in the design of optical thin films
involves a model consisting of stacks or segments of single dielectric layers. The Ouarter Wave Rule and the
Admittance Diagram have been used in-a similar n'.anner to design certain stripline devices which were modeled as
quarter w.avelength segments and parallel branch segments connected in a continuous transmission line.

It has been shown that broadband techniques used in optical thin film design may also be applied to microwave
components with comparable resuhs. It is reasonable to expect that many microwave components may be further
improved by using other techniques from optical thin film coating designs. For cxamplc, one may use the addition of a
half wave flattening layer to produce a broader frequency band element while maintaining zero reflectance.
Experimental analysis must still bc performed on more complex devices (for example low-pass, hi.t-pass. and band-pass
filcr.s, directionl couplers. unequal power dividers and various transmission and reflection dcviccs) to verify to what
extent this tcchnilque may be used.
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Fig. 1. Showa is a single optical chin-film- laver with lFig. 2. The Smith Chart consists of loci of cotstant
index of reractioci, n, on a substrate with index of resistance and reactance plotted in the complex plane
refraction n,. The-incidcnt media has an index of where w = u+iv on-a polar diagram. One can find

refraction of no. Ligi- is incident on the thin film -the impedance transformed along a transmission 6in or
at zro egres ngl, bt- s pesetedwit fiiterelate the stan~ding wave ratio or the reflection
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lFig. 3. The Admittance Diagram is shown for a single thin film lay.r deposited on a-substrate at a design wavelcegth of
. The deposition of the layer begins on the substrate y, on the real axis. As depositios -proceeds. the circle-

continues counter clockaise intersecting the other circle that is centered on-the imaginary axis with radius yL. At this

point the optical path is.%/S and fig.ht would have a phase shift of # = Ip/. As deporsition x.inues. the circle intersects
the real axis at V 2/V~b Th-pia hcns sone quarter wave and the phase-shift for the light is# 0. As more

material is deposited on the substrate the thickness of the layer increases passing the three eighths ware thickness with a
phase shift of = 3 T / and finally inicrseccr- the real axis at the starting point but with one half wave layer and a phase

shift of~ x for thecdcsign wavclength Xd. Shown are the contouzrs that separate-four quadrants. The -I" and 41!

quadrants are inside the boundary of the circle with radius yL. The 2d-and Yd quadrants are outside the same boundary-
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'Fig..4a. The Uncompensated Wilkinson Power divider with 70.7 Q quarter wave section;.100 0resistor Rx and 50 0
characteristic impedance of the line., Fig. 4b. The compensated power. divider. The quarter wave 420 segment allows
for a broader frequency band.5
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Fig. 5. Admittance Diagram applied to the Smith Fig. 6. Assembly- of five quarter wave layers. The
Chart. The solid circles represent constant real combination of the multilayer and-the substrate can be
and imaginary parts of the admittance. The broken represented by a single equivalent-admittance Y.
circles are constant amplitude of the -reflectance
coefficient with the outside solid circle equal to 1.0.
The optical'thickness is measured in fractiotis-of a
wavelength towards the medium of incidence. 1
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Fig. 7. Admittance Diagram for a Low-High index layer configuration. The closer the effective admittance comes to the
input admittaice, in this- case 1 for air, the lower the reflectance R. The addition of the two layer stack is seen -to
increase the reflectance- because theeffective admittance is now greater than the-substrate admittance. The value-of the
admittance at the starting point a is just Ysub and proceeds clockwise for-the low admittance layer L io point-b giving YL2

/Ysub. The admittance then-continues in a clockwise direction -for the high index-layer H-ending at point c:the result is

the effective admittance Y y" Ysub/yL 2.
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Fig. 8a. The binary power divider is shown with port i as the input, ports 2 and 3 the output ports andRx -known as
the differenceresistor. Fig.- 8b shows the schematic-for the Wilkinson power-divider with characteristic impedance of
the line equal to 50 fl on the input and-output lines and -100 0 for the difference resistor. Both dividers consist of
quarter wave-segments. 4
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Fig. 9. The Transformer Model of the Wilkinson Fig. 10. 'Shown is- the VSWR versus- Normaliz-J
Power -Divider using -the -Quarter Wave -Rule. frequency for the uncompensated and
The parallel combination- of impedances are compensated Wilkinson power dividers.5

represented-as single -tansmission line segments.
Where Z0  500,Z_ 35.350 and Z.P
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Fig. -11. The Admittance diagram for the Fig. 12. the transformer -model for the
-uncompensated power divider. The semicircle compensated power divider. The Z = 42 0
begins at the substrate with normnalized and- Z2 = 293- Q segments are -matched to the
admittance Ysub = -2 and continues clockwise to
the normalized output admittance yo, = yi,2IYSub artificial impedance point of 35.350.

= 1 =-where y'L = 1.414 is the admittance of the
quarterwave layer.
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Fig. 13. The Admittance Diagram for the compensated power divider. The- admittance begins- at Ysub = 2 and
continues clockwise for the 421l transmission line segment to admittance yM2/Ysub = 1.414. The admittance continues

for the 29.70 line segment resulting in an equivalent admittance of yL2 Ysub/YM2 = 1. Where Ysub > YM > YL
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Fig. 14. The Admittance Diagram for the Fig. 15. The Admittance-Diagram for the compensated
compensated power divider designed for \'d = power divider- designed for \ d = 40cm but used at

40cm but used at excitation wavelength A. =  excitation wavelengthA e = 44cm.
39cm.


